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(54) Laminated piezoelectric element and vibration wave actuator 



(57) A laminated piezoelectric element has a sur- 
face electrode formed on a surface of the element and 
having an area falling within the range from 0.002 mm 2 
to 0.2 mm 2 , and a first region excluding the surface elec- 
trode on the surface on which the surface electrode is 
formed, and having a level difference which is less than 
or equal to 20 urn. 
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Description 

The present invention relates to a laminated piezoelectric element or vibration actuator suitable for a vibration 
wave motor. 

s Conventionally, for example as shown in Japanese Patent Application Laid-open Nos. 3-40767 and 3-117384, a 

Langevin type ultrasonic wave motor uses a vibration element having a structure constituted by laminating (stacking) 
a plurality of single-layered piezoelectric element plates, each having right and left or front and rear portions with 
opposite polarization directions in the direction of thickness, to sandwich an electrode plate between adjacent plates 
(see Fig. 8). 

io in recent years, a so-called laminated ceramic piezoelectric element obtained by integrating the above-mentioned 

structure is used to lower the driving voltage and reduce the size of the element. 

Note that a laminated ceramic piezoelectric element 101 has the following structure. That is, an inner electrode 
102, on which electrode patterns obtained by dividing a ring into four portions are formed, is present between each 
two adjacent ceramic layers, and every other inner electrodes 102 in the laminating direction are connected by inter 
'5 layer wiring lines 103, as shown in Figs. 7A and 7B. On the surface of the element 101, surface electrodes 104 are 
connected to the inter layer wiring lines 103. 

The element 101 is polarized so that its thickness increases in the first and second quadrants and decreases in 
the third and fourth'quadrants upon application of, e.g., a positive voltage (of course, it exhibits opposite behaviors in 
the respective quadrants upon application of a negative voltage). 
20 When the element 101 is driven, a resonant frequency signal having a given phase is input to the first and third 

quadrants (to be referred to as the "A phase' hereinafter), and a resonant frequency signal having a 90° phase differ- 
ence from the former signal is input to the second and fourth quadrants (to be referred to as the *B phase" hereinafter), 
thus causing an oscillating vibration. 

In the above-mentioned laminated ceramic piezoelectric element, the thickness of each layer constituting the el- 
25 ement can be sufficiently smaller than that of the single-layered element plate, and a multi-layered structure can be 
realized. For this reason, the voltage required for driving the element can be greatly reduced, and a size reduction and 
a low-voltage driving operation of the element can be realized. As described above, the element has many good char- 
acteristics. 

However, when the Langevin type ultrasonic wave motor or actuator is actually manufactured using the above- 
30 mentioned laminated ceramic piezoelectric element, the difference (AF) between the resonant frequencies of the A 
and B phases of the vibration member is large, and the mechanical quality coefficient (Qm) is inferior to that of a motor 
using a single-layered piezoelectric element plates. As a result, a motor or actuator that can be practically used cannot 
be obtained. 

Note that one of the present inventors also filed U.S. Patent Application No. 08/111,052 and European Patent 
35 Application No. 931 1 3470.4. 

One aspect of the invention is to provide a laminated piezoelectric element in which each of the upper and lower 
surfaces except for the surface electrodes of the element is formed to be a flat surface having a level difference which 
is less than or equal to 20 urn, the area of each surface electrode is set to fall within the range from 0.002 mm 2 to 0.2 
mm 2 , and each surface electrode is formed to project from the element surface. 
40 Embodiments of the present invention will now be described with reference to the accompanying drawings in 

which:- 

Figs. 1 A and 1 B are respectively a structural view and an external view of a laminated ceramic piezoelectric element 
according to one embodiment of the present invention; 
45 Fig. 2 is a graph showing the relationship among Qm, AF, and the projection amount of the surface electrode in 

Experiment 3; 

Fig. 3 is a graph showing the relationship among Qm, AF, and the area of the surface electrode in Experiment 4; 
Figs. 4A and 4B are respectively a structural view and an external view of a laminated ceramic piezoelectric element 
according to one embodiment of the present invention; 
so Figs. 5 A and 5B are respectively a structural view and an external view of a laminated ceramic piezoelectric element 

according to one embodiment of the present invention; 

Fig. 6 is a sectional view of an ultrasonic wave motor which incorporates the laminated ceramic piezoelectric 
element according to one embodiment of the present invention; 

Figs. 7 A and 7 Bare respectively a structural view and an external view of a prior art laminated ceramic piezoelectric 
55 element; and 

Fig. 8 is a sectional view of a conventional ultrasonic wave motor which incorporates a plurality of ceramic piezo- 
electric element plates. 
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In the preferred embodiment, the smoothness of the upper and lower surfaces of the element is defined, so that 
each surface is formed to be a flat surface having a level difference or surface roughness which is less than or equal 
to of 20 urn 

It was found based on the experimental results that when the level difference in each of the upper and lower 
5 surfaces of the element is larger than 20 (am, if the element is used in a Langevin type ultrasonic wave motor or actuator, 
the mechanical quality coefficient (Qm) lowers as a whole, and the difference (AF) between the resonant frequencies 
in the respective phases becomes large. 

A method of manufacturing a laminated ceramic piezoelectric element having flat upper and lower surfaces is 
roughly classified into the following two methods. 
io in one method, an element with a high flatness is manufactured by performing warp correction (re-sintering) or 

lapping after sintering. In this case, surface electrodes and the like can be formed thereafter. 

I n the other method, the element is manufactured while carefully controlling processes such as formation, sintering, 
and the like so as not to cause a deformation or warp. 

The present invention may adopt either of the above-mentioned methods, and is not particularly limited to a specific 
15 manufacturing method. 

In this embodiment, the height of each surface electrode is not taken into consideration. For this reason, when the 
element is used, terminals must be formed to cancel the height of each surface electrode. 

More specifically, for example, the following countermeasure must be taken. That is, the terminal portion of an 
electrode plate to be connected to the surface electrode must be recessed in correspondence with the height of the 
20 electrode. 

Upon measurement of the level difference (excluding the surface electrode portions) in each of the upper and 
lower surfaces of the element, the difference is preferably measured three-dimensionally using a non-contact type 
shape measurement device while placing the element on a flat surface, since the value can then be accurately meas- 
ured. 

2S The difference may be measured by a contact type shape measurement device, e.g., a surface roughness meter. 

However, when the element has a convex rear surface, the element may be inadvertently actuated by, e.g., the probe 

pressure, and accurate measurement may then be disturbed. 

In this embodiment, in addition to the above requirement, the area of each surface electrode is set to fall within 

the range from 0.002 mm 2 to 0.2 mm 2 , and each surface electrode is formed to project from the element surface. 
30 When the element has such surface electrodes, an element which allows connections with a surface electrode 

using electrode plates, and has a small resonant frequency difference (AF) and a high mechanical quality coefficient 

(Qm) can be realized. 

More specifically, it was experimentally found that when the area of each surface electrode is smaller than 0.002 
mm 2 , the resistance value of the connection portion increases, and the mechanical quality coefficient (Qm) lowers; 
35 when the area is larger than 0.2 mm 2 , the influence of the electrode thickness or the projection amount of the electrode 
cannot be eliminated even using a flexible circuit board, and the difference (AF) between the resonant frequencies of 
the phases increases. 

Each surface electrode preferably projects from the element surface to assure a connection with an electrode plate. 

As a method of forming the above-mentioned surface electrodes, a print method is easiest. However, the present 
40 invention is not limited to this formation method. For example, a CVD method, sputtering method, or the like may be 
used. Alternatively, a conductor layer may be formed on the entire surface of the element, and its peripheral portions 
may be removed by, e.g., etching to form surface electrodes. 

When a numerical value that defines the area of each surface electrode is converted into the diameter of a circle, 
each surface electrode has a diameter of about 50 pm to 500 |im. Since the surface electrode need not have a circular 
45 shape, the area is used defining the surface electrode in this embodiment. The area of the surface electrode defined 
in this embodiment is the projected area when viewed from the above, and does not include the height component of 
any projecting or protruding portion. 

In this embodiment, the projection amount of each surface electrode is defined to fall within the range from 1 jim 
to 20 urn 

50 The laminated ceramic piezoelectric element that satisfies only the above-mentioned two requirements is suffi- 

ciently practical. In addition, it was experimentally found that when the projection amount of each surface electrode 
from the element surface falls within the above-mentioned range, an element with a smaller difference (AF) between 
the resonant frequencies of the phases and a higher mechanical quality coefficient (Qm) can be realized, and an 
electrical connection can be reliably attained, thus providing an element with higher reliability. 

55 The formation method of the surface electrodes with the above-mentioned projection amount is not particularly 

limited. In consideration of the projection amount (thickness) of the surface electrode to be formed, the print method 
is most suitable. 

In a laminated ceramic piezoelectric element 11 shown in Figs. 5A and 58 (to be described later), i.e., in the element 
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in which electrodes 12 present inside the element are connected by an inter layer wiring line 13 formed inside the 
element, when the element 11 is subjected to surface tapping, the piezoelectric element material (normally consisting 
of PZT-based ceramic) is ground more than the inter layer wiring line 1 3 (normally consisting of Ag-Pd or Pt), and 
consequently, the inter layer wiring line 1 3 projects from the element surface. For this reason, by controlling the lapping 
s condition, a surface electrode 14 having the above-mentioned projection amount can be formed. 

In this embodiment, the positional relationship of the surface electrodes formed on the element is defined, so that 
the surface electrodes have a well-balanced layout in the surface of the element. 

Even when the influence of the thickness or projection amount of each surface electrode can be eliminated using 
a flexible circuit board, since the surface electrodes themselves do not vibrate, they become noise components with 
io respect to resonance. If such surface electrodes are formed to be concentrated on one portion of the element, the 
resonant frequency of the element portion where the surface electrodes are concentrated becomes different from that 
of other element portions, and hence, the mechanical quality coefficient (Qm) lowers. 

Note that "the well-balanced layout of the surface electrodes in the surface of the element - includes not only a 
case wherein, for example, eight surface electrodes are arranged at equal angular intervals on a single circumference, 
15 but also a case wherein pairs of surface electrodes which are close to each other are arranged at four positions at 
equal angular intervals on a single circumference. 

In this embodiment, as shown in Fig. 5A, inner electrodes 12 of the element 11 are connected by inter layer wiring 
lines 13 formed inside the element. 

When the inter layer wiring lines 13 are formed inside the element, inter layer wiring lines (e.g., the inter layer 
20 wiring lines 103 shown in Fig. 7) that form extra projections on the outer wall surface of the element can be omitted, 
and noise with respect to resonance of the element can be removed. For this reason, the resonant frequency difference 
of the vibration member can be further reduced, and a higher mechanical quality coefficient (Qm) is obtained since the 
resonance curve becomes sharp. 

The inter layer wiring lines 1 3 inside the element are so-called via holes or through holes, and can be formed using 
25 the manufacturing technique of a low-temperature sintering type ceramic substrate. 

In a general method of forming via holes, holes are formed in a green sheet of a piezoelectric member before 
lamination, and are filled with a conductor paste. Then, inner electrode patterns are printed on the sheet, and thereafter, 
the sheets are laminated and sintered. 

With this method, the inner electrodes and via hole electrodes are integrally sintered, and wiring lines connecting 
30 layers of the element can be formed. 

Of course, the present invention is not limited to the above-mentioned method as long as inter layer wiring lines 
can be formed inside the element. 

Furthermore, in this embodiment, as shown in Fig. 6, a method of supplying electric power to an element A ac- 
cording to this embodiment is defined, so that a wiring board B is in press contact with the surface of the element A 
35 having surface electrodes. 

A conductor layer is formed on the wiring board B. For example, when the element A according to this embodiment 
is used in a Langevin type ultrasonic wave motor, as shown in Fig. 6, the surface electrodes projecting from the surface 
of the element A bite into the conductor layer on the wiring board B by the fastening force of a bolt C and stators 
and D 2 . thus attaining a reliable electrical connection. In addition, the surface electrodes and the conductor layer un- 
40 dergo a plastic deformation, thereby realizing a uniform contact state. 

Note that the wiring board B preferably comprises a so-called flexible circuit board constituted by forming a con- 
ductor such as copper or solder on the surface of a board consisting of a polymer material with high elasticity or 
plasticity, or an insulating material with both high elasticity and plasticity. 

The wiring board B having such a nature easily deforms due to the fastening force of the bolt C and the stators 
45 Dt and D 2 , and eliminates the influence of surface electrodes projecting from the surface of the element A to attain a 
uniform contact state with the element A. 

Note that a wiring pattern consisting of a conductor is formed on almost the entire surface of the conductor layer 
on the wiring board B so as to independently attain power supply and electrical connection to the surface electrodes 
of the laminated ceramic piezoelectric element A. 
50 in a conventional Langevin type ultrasonic wave motor using a plurality of laminated single-layered piezoelectric 

element plates, each of six metal plates b, to b 6 serving as electrodes is sandwiched between adjacent ones of five 
ceramic piezoelectric elements a, to a 5 to obtain a vibration member, as shown in, e.g., Fig. 8, and a driving signal is 
input to the vibration member via the metal plates b t to b 6 . These six metal plates b, to b 6 absorb the level differences 
or unevenness of the upper and lower surfaces of the ceramic piezoelectric element plates a, to a 5 , and the fastening 
55 force of a bolt c and stators 6, and d 2 uniformly acts on the plate surfaces of the ceramic piezoelectric element plates 
a, to a 5 . As a result, an ultrasonic wave motor having a small difference (AF) between the resonant frequencies of the 
phases and a high mechanical quality coefficient (Qm) is realized. 

Of course, due to the vibration absorption effect of the many metal plates b 1 to b 6 sandwiched between the adjacent 
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ceramic piezoelectric element plates, the motor efficiency is not high. 

However, in the case of the laminated ceramic piezoelectric element, since electrodes have already been formed 
inside the element, only one electrode plate for attaining an electrical connection with the surface electrodes of the 
element A is required, as shown in, e.g., Fig. 6, and high efficiency is theoretically obtained. However, in practice, when 
5 the element is fastened using the bolt and stators, the influence of level differences present on the upper and lower 
surfaces of the element, which is absorbed in the conventional single-layered piezoelectric element plate, appears 
considerably, and the fastening force of the bolt and stators becomes nonuniform in the plate surface of the element. 
As a result, this nonuniformity impairs motor efficiency, and increases the resonant frequency difference between the 
phases. 

io Under these circumstances, in one embodiment of the present invention, since at least the flatness of the upper 

and lower surfaces of the piezoelectric elements and the area of each surface electrode are defined in detail, when 
the laminated ceramic piezoelectric element is used in, e.g., a Langevin type ultrasonic wave motor or actuator, the 
fastening force of the bolt and stators can uniformly act on the plate surface of the element, and an ultrasonic wave 
motor or actuator having original characteristics of the piezoelectric element, and practically satisfactory performance 

is can be provided. 

Experimental examples that demonstrate the effect of the laminated ceramic piezoelectric element according to 
the present invention will be described below. 

- Experiment 1 - 

20 

A PZT-based piezoelectric sheet was used, and inner electrodes 2 were formed by the print method, thus preparing 
a laminated ceramic piezoelectric element 1 with the structure shown in Figs. 1 A and 1 B. 

The element 1 had a thickness of about 100 urn per layer, and a total of 15 layers were laminated. The element 
had a diameter of 10 mm and an inner diameter of 5 mm. Inter layer wiring lines 3 were formed in such a manner that 

25 the side surfaces of every other piezoelectric sheets were coated with an insulating material during the manufacture 
of the element, the sheets were connected using a conductor paste, and thereafter, the sheets were sintered. The 
upper and lower surfaces of the element were subjected to lapping after sintering to be formed into smooth surfaces 
having a level difference (to be referred to as a "flatness" hereinafter) of 1 to 20 jam in each surface. On the smooth 
upper surface of the element, 1-ujti thick surface electrodes 4 connected to the inter layer wiring lines 3 on the side 

30 surface of the element were formed by the sputtering method. The number of electrodes was a total of eight, i.e., four 
+ and - electrodes of the A and B phases and four ground electrodes. As shown in Figs. 1 A and 1 B, each four surface 
electrodes were formed to be concentrated on the front and rear portions of the upper surface of the element. 

When several laminated ceramic piezoelectric elements were polarized and assembled in Langevin type ultrasonic 
wave motors, as-shown in Fig. 6, and their mechanical quality coefficient (Qm) was measured. As a result, the me- 

35 chanical quality coefficient (Qm) was 500 to 700. On the other hand, the difference (AF) between the resonant frequen- 
cies of the A and B phases was 70 to 1 00 Hz. 

- Experiment 2 - 

40 Several laminated ceramic piezoelectric elements, which had substantially the same structure and condition as 

those of Experiment 1 , except that they were manufactured without lapping of the upper and lower surfaces of the 
element after sintering in Experiment 1 and had a flatness as large as 24 to 40 um were assembled in Langevin type 
ultrasonic wave motors, and their mechanical quality coefficients (Qm) and differences (AF) between the resonant 
frequencies of the A and B phases were measured. As a result, the value Qm was 200 to 250, and the value AF was 

45 110 to 230 Hz. 

Since the value Qm is equal to or larger than 500 and the value AF is equal to or smaller than 110 Hz in terms of 
motor performance, the results of Experiment 2 are not preferable. 

- Experiment 3 - 

50 

Elements (flatness = 15 jim) were manufactured following the same procedures in Experiment 1 to have substan- 
tially the same structure and condition as those in Experiment 1 except that the surface electrodes were formed by the 
print method, so that the area of each surface electrode 4 had a value plotted along the abscissa in Fig. 2. Then, these 
elements were assembled in Langevin type ultrasonic wave motors, and their mechanical quality coefficients (Qm) 
55 and differences (AF) between the resonant frequencies of the A and B phases were measured. 

Fig. 2 shows the relationship among the measured Qm and AF and the area of the surface electrode. 
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- Experiment 4 - 

Elements (flatness = 15 |im) were manufactured following the same procedures in Experiment 1 to have substan- 
tially the same structure and condition as those in Experiment 1 except that the surface electrodes were formed by the 
s print method, so that each surface electrode 4 had an area of 0.02 mm 2 , and the projection amount of each electrode 
had a value plotted along the abscissa in Fig. 3. Then, these elements were assembled in Langevin type ultrasonic 
wave motors, and their mechanical quality coefficients (Qm) and differences (AF) between the resonant frequencies 
of the A and B phases were measured. 

Fig. 3 shows the relationship among the measured Qm and AF and the projection amount of the surface electrode. 

10 

- Experiment 5 - 

Elements (flatness = 15 u,m) were manufactured following the same procedures in Experiment 1 to have substan- 
tially the same structure and condition as those in Experiment 1 except that surface electrodes (area = 0.02 mm 2 and 
'5 projection amount = 5 to 10 jim) 4 were formed at equal angular intervals on the upper surface of the element, as 
shown in Figs. 4A and 4B. Then, these elements were assembled in Langevin type ultrasonic wave motors, and their 
mechanical qualitycoefficients (Qm) and differences (AF) between the resonant frequencies of the A and B phases 
were measured. The value Qm was 830, and the value AF was 57 Hz. 

These results demonstrate that the formation positions of the surface electrodes effectively improve the values 
20 Qm and AF. 

- Experiment 6 - 

Holes (via holes) having a diameter of 150 u.m were formed using a punching machine on each of piezoelectric 
25 sheets consisting of the same material as those used in Experiment 1 , and an Ag-Pd conductor paste was filled in 
these holes. Thereafter, inner electrode patterns were printed on the sheets, and the sheets were laminated and sin- 
tered, as shown in Fig. 5A, thus manufacturing an element having inner electrodes 12 and inter layer wiring lines 13. 

The upper and lower surfaces of the element were lapped to have a flatness shown in Table 1 below, and surface 
electrodes 14 each having the area and projection amount shown in Table 1 below were formed by the print method 
30 to manufacture A type elements. On the other hand, via electrodes formed to project from the surface of the element 
by tapping were used as surface electrodes 14 each having the area and projection amount shown in Table 1 below 
to manufacture B type elements. These types of laminated ceramic piezoelectric elements 11 were polarized and 
assembled in Langevin type ultrasonic wave motors, and their mechanical quality coefficients (Qm) and differences 
(AF) between the resonant frequencies of the A and B phases were measured. 
3$ Table 1 below shows the measurement results. 



Table 1 





A type 


Btype 


Flatness of Element (jam) 


5 


9 


18 


19 


8 


18 


Surface Electrode Area (mm 2 ) 


0.02 


0.02 


0.2 


0.2 


0.02 


0.02 


Surface Electrode Projection Amount Qam) 


5 to 10 


15 to 20 


5 to 10 


15 to 20 


1 to 5 


15 to 20 


Mechanical Quality Coefficient 


770 


660 


640 


570 


830 


760 


Resonant Frequency Difference (Hz) 


39 


45 


62 


78 


48 


59 



As can be seen from Table 1 , when the element has an element flatness of 20 urn or less, a surface electrode 
area of 0.2 mm 2 or less, and a surface electrode projection amount of 20 ujti or less, it can exhibit high performance 
as a vibration member. 

The above-mentioned experimental examples demonstrate that the laminated ceramic piezoelectric element ac- 
cording to the present invention has a small resonant frequency difference (AF) between the phases and a high me- 
chanical quality coefficient (Qm) when it is assembled in a Langevin type ultrasonic wave motor. Furthermore, the 
laminated ceramic piezoelectric element according to the present invention can be satisfactorily used as one for a ring- 
shaped ultrasonic wave motor. 

As described above, according to the above-mentioned piezoelectric element, a vibration wave motor or actuator 
having original characteristics of the piezoelectric element and practically satisfactory performance can be provided. 
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Claims 

1. A laminated piezoelectric element formed with a surface electrode, characterized in that 

5 an area of said surface electrode falls within a range from 0.002 mm 2 to 0.2 mm 2 ; and 

a level difference of a first region excluding said surface electrode on the surface on which said surface elec- 
trode is formed is set to be less than or equal to 20 jam. 

2. A laminated piezoelectric element according to claim 1 , wherein said surface electrode is projected from said first 
io region. 

3. A laminated piezoelectric element according to claim 2, wherein a projection amount of said surface electrode is 
set to fall within a range from 1 jim to 20 urn. 

'5 4. A laminated piezoelectric element according to claim 1 , 2, or 3, wherein said laminated piezoelectric element has 
a substantially cylindrical shape, said surface electrode is formed on at least one of upper and lower surfaces, in 
an axial direction, of said laminated piezoelectric element, and both said upper and lower surfaces have the level 
difference which is less than or equal to 20 um 

20 5. A laminated piezoelectric element according to claim 1,2,3, or 4, further comprising: 

a plurality of electrodes formed inside said laminated piezoelectric element, said plurality of electrodes being 
connected by an inter layer conductor formed inside said element. 

6. A laminated piezoelectric element according to claim 1 , 2, 3, 4, or 5, wherein said laminated piezoelectric element 
25 js manufactured by sintering a plurality of laminated ceramic plates. 

7. A laminated piezoelectric element according to claim 4, wherein a plurality of surface electrodes each identical to 
said surface electrode are formed at peripheral edge positions. 

30 8. A laminated piezoelectric element according to claim 4, wherein said element is formed with a central hole, and a 
plurality of surface electrodes'each identical to said surface electrode are formed in the vicinity of a peripheral 
edge of said hole. 

9. A vibration actuator using a laminated piezoelectric element, comprising: 
35 a vibration member which functionally contacts said element, 

characterized in that a surface electrode having an area falling within a range of 0.002 mm 2 to 0.2 mm 2 is 
formed on a surface of said element, and a level difference on a first region excluding said surface electrode on 
the surface on which said surface electrode is set to be less than or equal to 20 u,m. 

40 10. A vibration actuator according to claim 9, further comprising: 

a circuit board which is in press contact with the surface on which said surface electrode is formed, electric 
power being supplied to said element via said circuit board. 



45 



11. A vibration actuator according to claim 10, wherein said circuit board comprises a flexible circuit board. 

12. A vibration actuator according to claim 9, 10, or 11, further comprising: 

a contact member being contacted said vibration member and being driven, said vibration member and said 
contact member being moved relative to each other. 

50 13. A vibration actuator according to claim 9, 10, 11, or 12, wherein a plurality of electrodes are formed inside said 
element, and said plurality of electrodes are connected by an inter layer conductor formed inside said element. 
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FIG. 2 
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FIG. 3 
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FIG. **A 
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FIG. 5A 
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FIG. 6 
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FIG. 7A 
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